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1.  Introduction {#cphc201701058-sec-0001}
================

Zeolites are crystalline aluminosilicates containing molecule‐sized micropores arranged in a regular manner.[1](#cphc201701058-bib-0001){ref-type="ref"} They are built from tetrahedral TO~4~ building blocks (T=Si^4+^ or Al^3+^), the spatial arrangement and connectivity of which determine the size and shape of the micropores. The chemical composition of the lattice defines the reactivity of the zeolite matrix. The introduction of Al^3+^ into a neutral siliceous structure generates a negative charge on the framework that needs to be balanced by an extra‐framework counter cation. Compensation of the negative charge by protons generates strong Brønsted acid sites inside the zeolite micropores, whereas the introduction of metal cations gives rise to Lewis acidic sites. The rich inorganic chemistry of the extra‐framework species located inside the micropores with tunable geometries is key to the widespread and versatile applications of zeolites as selective catalysts for current and emerging chemical processes.[2](#cphc201701058-bib-0002){ref-type="ref"}, [3](#cphc201701058-bib-0003){ref-type="ref"}, [4](#cphc201701058-bib-0004){ref-type="ref"}

Most theories on reactivity in zeolite catalysis are based on shape selectivity imposed on the catalytic reaction by the micropore topology and the intrinsic chemical properties of an individual active site. The former relates activity and selectivity to the geometric fit of the reactive species, intermediates or transition states in the zeolite pores.[5](#cphc201701058-bib-0005){ref-type="ref"}, [6](#cphc201701058-bib-0006){ref-type="ref"} The consideration of zeolites as single‐site catalysts facilitates the mechanistic description of the complex chemical processes inside the zeolite micropores. Furthermore, it allows the construction of straightforward structure--activity relationships.[7](#cphc201701058-bib-0007){ref-type="ref"}, [8](#cphc201701058-bib-0008){ref-type="ref"}, [9](#cphc201701058-bib-0009){ref-type="ref"}, [10](#cphc201701058-bib-0010){ref-type="ref"}, [11](#cphc201701058-bib-0011){ref-type="ref"}

Besides the main applications in the petroleum refining industry, zeolites are promising catalysts for the conversion of renewable biomass into chemical intermediates.[12](#cphc201701058-bib-0012){ref-type="ref"}, [13](#cphc201701058-bib-0013){ref-type="ref"}, [14](#cphc201701058-bib-0014){ref-type="ref"} The production of aromatic compounds (e.g., BTX---benzene, toluene and xylenes) from biomass, which are currently produced solely from fossil hydrocarbon resources, is highly desirable.[15](#cphc201701058-bib-0015){ref-type="ref"}, [16](#cphc201701058-bib-0016){ref-type="ref"} Catalytic depolymerization of lignin and lignocellulose is challenging and yields low amounts of substituted aromatics.[17](#cphc201701058-bib-0017){ref-type="ref"}, [18](#cphc201701058-bib-0018){ref-type="ref"}, [19](#cphc201701058-bib-0019){ref-type="ref"}, [20](#cphc201701058-bib-0020){ref-type="ref"}, [21](#cphc201701058-bib-0021){ref-type="ref"}, [22](#cphc201701058-bib-0022){ref-type="ref"} A potentially more selective approach involves the use of (hemi)cellulose as the starting material.[23](#cphc201701058-bib-0023){ref-type="ref"}, [24](#cphc201701058-bib-0024){ref-type="ref"}, [25](#cphc201701058-bib-0025){ref-type="ref"}, [26](#cphc201701058-bib-0026){ref-type="ref"} Hydrolysis of polysaccharides yields glucose, xylose and other sugars,[14](#cphc201701058-bib-0014){ref-type="ref"} which can then be converted by dehydration[24](#cphc201701058-bib-0024){ref-type="ref"}, [26](#cphc201701058-bib-0026){ref-type="ref"} followed by reduction or oxidation to substituted furans[26](#cphc201701058-bib-0026){ref-type="ref"} (Figure [1](#cphc201701058-fig-0001){ref-type="fig"}). The Diels--Alder cycloaddition of alkenes to furanic compounds yields substituted benzenes. The reaction involves substituted 7‐oxanorbornene cycloadducts,[27](#cphc201701058-bib-0027){ref-type="ref"}, [28](#cphc201701058-bib-0028){ref-type="ref"} which high ring strain[29](#cphc201701058-bib-0029){ref-type="ref"}, [30](#cphc201701058-bib-0030){ref-type="ref"} renders reactive towards isomerization into an alcohol intermediate that can dehydrate to aromatic products.[27](#cphc201701058-bib-0027){ref-type="ref"}, [28](#cphc201701058-bib-0028){ref-type="ref"} Such a consecutive cycloaddition, isomerization and dehydration process is usually carried out as a one‐pot tandem reaction and will here be denoted as the Diels--Alder cycloaddition--dehydration (DAC[d)]{.smallcaps} reaction.

![Formation of a) 2,5‐dimethylfuran and 2,5‐furandicarboxylic acid from cellulose and b) furan from hemicellulose. c) The furanic compounds are coupled with ethylene in the Diels--Alder cycloaddition--dehydration reaction to produce aromatic compounds. The two models used in this work: d) the high‐silica alkali‐exchanged isolated site model, and e) the low‐silica alkali‐metal‐exchanged faujasite containing multiple active sites in the faujasite supercages.](CPHC-19-446-g001){#cphc201701058-fig-0001}

One of the most important aromatic compounds is *para*‐xylene,[31](#cphc201701058-bib-0031){ref-type="ref"} which is a commodity chemical mainly used for the production of terephthalic acid (TPA).[32](#cphc201701058-bib-0032){ref-type="ref"} One of the main routes to producing TPA is the oxidation of *para*‐xylene to transform the methyl groups into carboxylic acids.[32](#cphc201701058-bib-0032){ref-type="ref"} If a biomass‐based route to TPA by the DACD reaction between 2,5‐dimethylfuran (2,5‐DMF) and ethylene is followed, the process should involve the reintroduction of the oxygenated moieties, which were originally removed from the sugar‐derived 5‐hydroxymethylfurfural intermediate. An alternative route to TPA by directly using biomass‐derived oxygenated furanic intermediates in a DACD reaction is therefore more appealing and potentially more atom‐efficient.[32](#cphc201701058-bib-0032){ref-type="ref"}

In recent years, many experimental[33](#cphc201701058-bib-0033){ref-type="ref"}, [34](#cphc201701058-bib-0034){ref-type="ref"}, [35](#cphc201701058-bib-0035){ref-type="ref"}, [36](#cphc201701058-bib-0036){ref-type="ref"}, [37](#cphc201701058-bib-0037){ref-type="ref"}, [38](#cphc201701058-bib-0038){ref-type="ref"}, [39](#cphc201701058-bib-0039){ref-type="ref"}, [40](#cphc201701058-bib-0040){ref-type="ref"}, [41](#cphc201701058-bib-0041){ref-type="ref"}, [42](#cphc201701058-bib-0042){ref-type="ref"}, [43](#cphc201701058-bib-0043){ref-type="ref"} and theoretical[44](#cphc201701058-bib-0044){ref-type="ref"}, [45](#cphc201701058-bib-0045){ref-type="ref"}, [46](#cphc201701058-bib-0046){ref-type="ref"} studies have been devoted to the DACD conversion of furanic compounds and alkenes to aromatics over different heterogeneous catalysts. Most studies focused on the DACD reaction of 2,5‐DMF with ethylene to produce *para*‐xylene. The common catalysts are Brønsted acidic large‐pore zeolites such as HY[33](#cphc201701058-bib-0033){ref-type="ref"}, [42](#cphc201701058-bib-0042){ref-type="ref"} and HBEA,[35](#cphc201701058-bib-0035){ref-type="ref"}, [44](#cphc201701058-bib-0044){ref-type="ref"} or Lewis acidic zeolites such as the alkali‐metal‐exchanged faujasites[46](#cphc201701058-bib-0046){ref-type="ref"}, [47](#cphc201701058-bib-0047){ref-type="ref"} and Sn‐, Zr‐ or Ti‐doped beta polymorph A (BEA).[36](#cphc201701058-bib-0036){ref-type="ref"} The DACD reaction of 2‐methylfuran with ethylene over heterogeneous Lewis acid faujasites and homogeneous Lewis acid metal chloride catalysts has been studied by Wijaya et al.[37](#cphc201701058-bib-0037){ref-type="ref"} Dehydrative aromatization of the cycloadduct originating from the DAC reaction of furanic compounds with ethanol in the presence of Brønsted acidic zeolite catalysts was studied by Tsang et al.[38](#cphc201701058-bib-0038){ref-type="ref"} and Zhao et al.[39](#cphc201701058-bib-0039){ref-type="ref"} The DACD conversion of furan and acrylic acid over Hf‐, Zr‐ and Sn‐BEA was investigated by Mahmoud et al.[40](#cphc201701058-bib-0040){ref-type="ref"} The conversion of highly oxygenated furanic compounds with ethylene over Lewis acidic Sn‐BEA catalysts towards oxygenated aromatic compounds was originally described by the group of Davis[41](#cphc201701058-bib-0041){ref-type="ref"} and subsequently investigated in detail by Bell and co‐workers.[45](#cphc201701058-bib-0045){ref-type="ref"} In general, most of the studies reported to date identified Brønsted acids as the preferred catalysts for the DACD conversion of the reduced furanic intermediates, whereas the selective transformation of the oxygenated substrates can be achieved by using strongly Lewis acidic Sn‐BEA catalysts, the unique catalytic behavior of which is often related to the active site cooperativity within its micropores.[48](#cphc201701058-bib-0048){ref-type="ref"}, [49](#cphc201701058-bib-0049){ref-type="ref"}, [50](#cphc201701058-bib-0050){ref-type="ref"}, [51](#cphc201701058-bib-0051){ref-type="ref"}

We have recently demonstrated that the DACD reaction between 2,5‐DMF and ethylene to produce *para*‐xylene can be efficiently carried out using alkali‐metal‐exchanged faujasite catalysts.[47](#cphc201701058-bib-0047){ref-type="ref"} Low‐silica zeolites containing hard Lewis acid sites were initially regarded as less active catalysts than their Brønsted acid counterparts.[46](#cphc201701058-bib-0046){ref-type="ref"}, [52](#cphc201701058-bib-0052){ref-type="ref"} A combination of periodic DFT calculations with microkinetic modeling revealed that the activity of the catalysts depends strongly on the nature of the exchangeable cations. These findings were supported by parallel kinetic studies, which identified KY zeolite as a superior catalyst for the DAC[d]{.smallcaps} reaction. Importantly, the DFT calculations showed that the cooperative action of multiple cations in the confined faujasite micropores should be taken into account to explain the activity trends. Clearly, the description of the mechanism using an isolated‐site model is too simple.

Herein, we report a computational study on the effect of active‐site cooperativity and the nature of the furanic substrate on the DAC[d]{.smallcaps} reactions of furan, 2,5‐DMF and 2,5‐furandicarboxylic acid (FDCA) with ethylene to give benzene, *para*‐xylene and TPA, respectively, over alkali‐exchanged zeolites. To this end, we compared the results of periodic DFT calculations obtained with two distinct alkali‐exchanged zeolite models, namely the simplified high‐silica FAU isolated site model (Figure [1](#cphc201701058-fig-0001){ref-type="fig"} d) and the more chemically representative low‐silica model of zeolite Y (Figure [1](#cphc201701058-fig-0001){ref-type="fig"} e).

This article is organized as follows: we introduce a brief overview of the DACD reaction mechanism and the common notations used throughout the paper in Section 2.1. We continue by discussing the results of periodic DFT calculations on the catalytic conversion of furan, 2,5‐DMF and FDCA in Sections 2.2, 2.3 and 2.4, respectively. For each substrate, the computational results obtained with the single‐ and multiple‐site models are discussed separately. This is followed by Section 3 in which the summary and key conclusions of this work are given. The computational details are presented in the Experimental Section.

2.  Results and Discussion {#cphc201701058-sec-0002}
==========================

2.1.  Reaction Mechanism {#cphc201701058-sec-0003}
------------------------

The DAC[d]{.smallcaps} reaction starts with the co‐adsorption of the furanic reactant and ethylene in the alkali‐metal (M)‐exchanged faujasite catalyst. We analyzed two different models, that we refer to here as MFAU and MY, being M‐exchanged faujasite with an isolated site and multiple accessible sites, respectively. Specifically, MFAU refers to the faujasite model with a Si/Al‐ratio of 47 and MY is the model with a Si/Al‐ratio of 2.4. The adsorbed states are denoted as **1**/MFAU or **1**/MY (e.g., furan+C~2~H~4~+MY→**1**/MY). All reaction mechanisms follow a similar sequence of elementary steps (Figure [1](#cphc201701058-fig-0001){ref-type="fig"} c), which are described below for furan as the representative example. The reaction starts with the Diels--Alder cycloaddition, which proceeds by synchronous coupling of C1 to C6 and C4 to C5. This gives a bicyclic 7‐oxabicyclo\[2.2.1\]hept‐2‐ene intermediate **2**, which then undergoes two isomerization steps, **2**→**3**→**4**. In this sequence of elementary steps, the furanic oxygen atom (O~f~) adopts a new bridging position between C1 and C2, forming the 7‐oxabicyclo\[4.1.0\]hept‐2‐ene epoxide intermediate **3**. Next, abstraction of the methylene C5 proton yields the cyclohexa‐2,4‐dien‐1‐ol alcohol species **4**. Finally, dehydration occurs involving an intramolecular proton shift from the C6 atom to the O~f~H group, resulting in the formation of the benzene and water (**5**+H~2~O). In the subsequent sections the mechanisms of the conversion of each of the furanic substrates by cation‐exchanged faujasites will be discussed.

2.2.  DACD Reaction of Furan with Ethylene {#cphc201701058-sec-0004}
------------------------------------------

Furan is the simplest furanic compound lacking functional substituents. The computational results for the reaction of furan with ethylene will serve as a reference onto which we can reflect the data obtained for the other substrates. The energy diagrams for the DAC[d]{.smallcaps} reaction of furan with ethylene over Na‐, K‐ and Rb‐exchanged faujasite models are reported in Figure [2](#cphc201701058-fig-0002){ref-type="fig"}. Figure [2](#cphc201701058-fig-0002){ref-type="fig"} a and b show the results for the MFAU and MY models, respectively.

![Energy diagrams of the DAC[d]{.smallcaps} reaction of furan with ethylene yielding benzene, obtained with the periodic DFT calculations over a) the MFAU models and b) the MY models.](CPHC-19-446-g002){#cphc201701058-fig-0002}

### 2.2.1.  Reaction over the MFAU Single‐Site Model {#cphc201701058-sec-0005}

The MFAU models contain exchangeable alkali ions, which can be stabilized at different cation positions (SI--SIII, Figure [3](#cphc201701058-fig-0003){ref-type="fig"}).[53](#cphc201701058-bib-0053){ref-type="ref"} Only two of these are accessible to adsorbents and can therefore be considered active sites. These are 1) the SII position located at the six‐membered ring of the sodalite cage, facing the supercage, and 2) the SIII site located at the four‐membered rings at the side of the sodalite cage, facing the supercage. An alternative to SIII is the SIII′ site (3), which essentially is a dislocated SIII site, located at the edge of the 12‐membered window between two different supercages.

![The FAU zeolite structure in which the accessible SII, SIII and SIII′ sites are shown. Sites inaccessible to the reactants are SI, SI′, and SII′.](CPHC-19-446-g003){#cphc201701058-fig-0003}

We first determined the preferential adsorption sites for furan and ethylene at both the SII and SIII sites. The computed adsorption energies for the complexes at different cation sites are given in Table S1 in the Supporting Information. To summarize, the differences in adsorption energies of η^5^‐coordinated furan on the SII and SIII sites are small in all the studied MFAU models. The largest difference was found for NaFAU, favoring the SII adsorption site over SIII by only 6 kJ mol^−1^. Compared to furan, ethylene adsorption is about 16 and 20 kJ mol^−1^ weaker at SII and SIII, respectively. A maximum difference in ethylene adsorption energies was also found for NaFAU with a slight (9 kJ mol^−1^) preference for adsorption to the SII cation. However, as the space around the cation at SIII is more open than at SII, we selected SIII as the active site for the DACD reaction of **1**/MFAU models. In the starting geometry, furan is η^5^‐coordinated to the SIII cation and ethylene is weakly adsorbed to the siliceous walls of the faujasite supercage.

The catalytic cycle begins with the synchronous DAC reaction (**1**→**2**) during which two new C−C bonds are formed in concert. This step is exothermic, with computed reaction energies (Δ*E*) ranging from −66 kJ mol^−1^ for RbFAU to −79 kJ mol^−1^ for NaFAU. The DAC barriers are the highest for KFAU and RbFAU (63 kJ mol^−1^) and the lowest for NaFAU (58 kJ mol^−1^). The increase of the reaction enthalpies with a concomitant decrease of the activation barriers is consistent with the decrease of the Lewis acidity of the cations as a function of ionic radius from Na^+^ to Rb^+^. The maximal deviation in the lengths of the C1−C6 and C4−C5 bonds that are formed, is approximately 0.01 Å for **TS1**/KFAU.

In the next two steps of epoxide (**2**→**3**) and alcohol formation (**3**→**4**), the electronegative O~f~ atom remains coordinated to the cation, allowing for efficient stabilization of the reaction intermediates. The epoxide‐forming step (**2**→**3**) is slightly endothermic (\<17 kJ mol^−1^) and proceeds with somewhat similar barriers for all MFAU models. The highest barrier of 176 kJ mol^−1^ was computed for RbFAU, which is only 8 kJ mol^−1^ higher than the lowest value predicted for NaFAU (168 kJ mol^−1^). The system is stabilized at the second isomerization step involving an intermolecular proton shift to form the alcohol intermediate (**3**→**4**). It is most exothermic for RbFAU (−45 kJ mol^−1^) and least exothermic for NaFAU (−35 kJ mol^−1^). The barriers for this step range from 133 to 144 kJ mol^−1^. The barrier increases with decreasing Lewis acidity of the exchangeable cation.

The final dehydration step (**4**→**5**) provides the major thermodynamic driving force for the overall process. The reaction takes place through the intramolecular hydrogen transfer from C6 to the O~f~H group coordinated to the exchangeable cation. This reaction is strongly exothermic and characterized by similar enthalpies computed for both KFAU and RbFAU (−126 and −127 kJ mol^−1^, respectively), and −137 kJ mol^−1^ for NaFAU. The dehydration activation energy is the highest (189 kJ mol^−1^) for RbFAU and NaFAU (187 kJ mol^−1^). The reaction over KFAU has a lower barrier of only 139 kJ mol^−1^. The lower activation barrier leading to **TS4**/KFAU can be rationalized by an analysis of the geometric features of the optimized structures. In **TS4/**KFAU the proton of the O~f~H group points away from the zeolite walls into the supercage, whereas it forms a hydrogen bond with the framework oxygen atoms in NaFAU and RbFAU. This hampers molecular reorganization in the transition state, resulting in an increased barrier for the reaction in NaFAU and RbFAU. In addition, in **TS4**/KFAU the benzene‐like moiety is tilted upwards with one side (the side of C4/C5, Figure [1](#cphc201701058-fig-0001){ref-type="fig"} c) more so than in either NaFAU or RbFAU. The increased tilting angle is caused by the combination of framework curvature and the size of the potassium cation: in NaFAU the Na^+^ ion is too small, such that the dispersive interactions with the matrix are not as strong, whereas the Rb^+^ ion is too large, such that insufficient space is available to optimally tilt the benzene moiety for a proper fit. Because we account for dispersive interactions in our work, we rationalized that the geometrical features in KFAU are optimal for providing the most efficient stabilization to **TS4** as compared to NaFAU and RbFAU. To ensure the validity of **TS4**/KFAU, alternative reaction channels including those found for NaFAU and RbFAU were explicitly considered in the calculations. Similarly, multiple reaction paths were initially tested for NaFAU and RbFAU. All these attempts failed to identify alternative reaction pathways to those discussed here.

At the end of the reaction cycle, the products desorb with activation barriers of 153, 119 and 110 kJ mol^−1^ for NaFAU, KFAU and RbFAU, respectively.

In summary, NaFAU generally interacts with the reactive intermediates more strongly than KFAU or RbFAU. As a consequence, the relative stabilities of the intermediates and transition states are higher for NaFAU. The height of the reaction barriers generally follows the Lewis acidity for the exchangeable cations that trends opposite with the ionic radii. The computed energy profiles indicate the isomerization and dehydration steps to be the rate‐limiting elementary steps with the initial DAC reaction only being of minor relevance to the overall performance, which is consistent with the earlier computational findings on cluster models.[52](#cphc201701058-bib-0052){ref-type="ref"}

### 2.2.2.  Reactions over MY Models {#cphc201701058-sec-0006}

The higher density of cations in MY models results in a large number of possible adsorption and co‐adsorption geometries compared to the isolated‐site model. The low‐silica zeolite provides a reaction environment created by triads of the exchangeable cations at the SII, SIII and the opposite SII site. If furan adopts an η^5^‐coordination to the SII cation (SII~F~) it can simultaneously coordinate to the vicinal SIII site (SIII~F~) through O~f~. Such dual‐site adsorption of furan leaves a neighboring SII site accessible for ethylene (SII~C2~).

We analyzed the different possible adsorption configurations and the main results are summarized in Table S2. The furan adsorption energies on either SII~F~ or SIII~F~ differ by only a few kJ mol^−1^. The greatest difference of only 7 kJ mol^−1^ is observed for RbY, favoring the SIII~F~ configuration. Because these differences are small, we selected SII as the adsorption site for furan. The adjacent SII site was chosen as the adsorption site for ethylene.

In the low‐silica MY models, the DAC reaction (**1**→**2**) starts with ethylene desorption from SII~C2~ to approach furan, followed by a synchronous concerted cycloaddition. The DAC step is least exothermic for KY (−43 kJ mol^−1^) and most exothermic for RbY (−56 kJ mol^−1^). The DAC activation energies are 94, 95 and 75 kJ mol^−1^ for Na, K and RbY, respectively. These barriers are higher than those obtained with the MFAU model. Furthermore, their qualitative trend is the reverse of that of the expected cation Lewis acidity. During the reaction, the furan moiety remains coordinated to SII~F~ with O~f~ coordinated to the vicinal SIII site. This interaction is so strong that the SIII cation is displaced towards the SII site.

The formation of epoxide **3** is most endothermic on NaY (38 kJ mol^−1^) and least endothermic on RbY (12 kJ mol^−1^). The activation energy is the lowest for NaY (128 kJ mol^−1^) and the highest for KY and RbY (149 kJ mol^−1^ for both catalysts). During this transformation, the interatomic distances SII~F~⋅⋅⋅O~f~ and SIII~F~⋅⋅⋅O~f~ become increasingly similar, that is, 2.22 and 2.31 Å for NaY and 2.92 and 2.85 Å for RbY, respectively (Figure [4](#cphc201701058-fig-0004){ref-type="fig"}).

![The optimized structures of a) **TS2**/NaY and b) **TS2**/RbY. Selected interatomic distances are expressed in Å.](CPHC-19-446-g004){#cphc201701058-fig-0004}

Next, the isomerization of the epoxide into the alcohol (**3**→**4**) occurs. During this step, the largest energy gains were found for KY and RbY (−84 and −81 kJ mol^−1^, respectively) and the smallest energy gain was predicted for NaY (−55 kJ mol^−1^). The activation energy, however, is the smallest for NaY (92 kJ mol^−1^) and the highest for KY (119 kJ mol^−1^). For KY and RbY, this step is accompanied by the migration of K^+^ and Rb^+^ ions to the SIII′ position located at the edge of the four‐membered ring. From that position, the cation interacts with the alcohol functional group (2.24 Å for NaY, 2.88 Å for RbY). Such a cation dislocation allows a hydrogen bond to be formed between the OH group and an oxygen atom of the basic framework (the hydrogen bond length is 2.98, 2.91 and 2.71 Å in NaY, KY, and RbY, respectively). Because of this additional stabilization, the relative energies of **4**/KY and **4**/RbY approach that of **4**/NaY (Figure [2](#cphc201701058-fig-0002){ref-type="fig"}). Similarly, **TS2**/MY and **TS3**/MY become substantially stabilized compared to **TS2**/MFAU and **TS3**/MFAU, respectively. This stabilization is least pronounced for **TS3**/KY (13 kJ mol^−1^), and most for **TS2**/NaY (65 kJ mol^−1^). Our calculations show that the multiple‐site interactions enabled by the MY models give rise to the lower barriers of both isomerization steps relative to those found for the MFAU models. The reaction barrier is least reduced for **3**→**4** in KY (ΔΔ*E* ~act~=Δ*E* ~act,MFAU~−Δ*E* ~act,MY~=16 kJ mol^−1^) and most for **3**→**4** in NaY (ΔΔ*E* ~act~=41 kJ mol^−1^). Despite these quantitative differences, the overall reactivity trends for both structural models are similar and consistent with the Lewis acidity of the cations.

The last dehydration step (**4**→**5**) over MY is assisted by the extra‐framework cations, which stabilize the leaving OH^δ−^ that remains hydrogen‐bonded with the zeolite lattice. After the reaction is complete, water remains strongly bound to the cations. The dehydration step is strongly exothermic (Δ*E*\>−117 kJ mol^−1^) and proceeds with activation barriers of 98, 135 and 150 kJ mol^−1^ for NaY, KY, and RbY, respectively. These barriers have been reduced by 89, 4 and 39 kJ mol^−1^ compared to those found in the MFAU models. To conclude the catalytic cycle, products desorb after overcoming barriers of 162, 173 and 141 kJ mol^−1^, respectively. These desorption barriers are 9--54 kJ mol^−1^ higher than for the MFAU models.

These results demonstrate that the presence of multiple accessible cation sites strongly affects the reaction energetics of the one‐pot DAC[d]{.smallcaps} reaction of furan with ethylene. Firstly, the DAC reactivity trend becomes reversed. Whereas the DAC reactivity over the single‐site models decreases with increasing ionic radii of the extra‐framework cations, the activity of the multiple‐site models increases as RbY\<NaY\<KY. The isomerization and dehydration barriers are also lowered as the result of the additional interactions in the multiple‐site environment. However, because the SII--O~f~ and SIII--O~f~ interactions are the only significant interactions in the entire network of intermolecular interactions, the reactivity trend predicted for furan with MY models still generally follows the Lewis acidity of the exchangeable cations.

2.3.  DACD Reaction of 2,5‐DMF with Ethylene {#cphc201701058-sec-0007}
--------------------------------------------

Next, we computationally analyzed the DAC[d]{.smallcaps} reaction of 2,5‐DMF with ethylene to produce *para*‐xylene over MFAU and MY zeolite models. The DFT‐computed reaction energy diagrams are presented in Figure [5](#cphc201701058-fig-0005){ref-type="fig"}.

![Energy diagrams of the DACD reaction of 2,5‐DMF with ethylene yielding *para*‐xylene, obtained with the periodic DFT calculations over a) the MFAU models and (b) the MY models.](CPHC-19-446-g005){#cphc201701058-fig-0005}

### 2.3.1.  Reaction over MFAU Models {#cphc201701058-sec-0008}

2,5‐DMF adsorbs almost twice as strong as ethylene, in contrast to furan, the adsorption of which is just slightly stronger than that of ethylene (Table S1). The preferred 2,5‐DMF adsorption geometry resembles that of furan with a η^5^‐coordination mode to the exchangeable cation. The catalytic reaction therefore starts with the coupling of 2,5‐DMF adsorbed on the cation and ethylene physisorbed in the supercage (**11**/MFAU). The computed energies of the single 2,5‐DMF adsorption as well as 2,5‐DMF and ethylene co‐adsorption correlate well with the expected Lewis acidity of the exchangeable cations.

At the start of the reaction cycle, the co‐adsorbed reactants undergo a DAC reaction (**11**→**12**). The overall reaction enthalpy for **11**→**12** varies from −47 kJ mol^−1^ for KFAU to −68 kJ mol^−1^ for NaFAU. The highest reaction barrier was found for KFAU (88 kJ mol^−1^) and the lowest for NaFAU (65 kJ mol^−1^). Although one might expect lower barriers for the DAC reaction of 2,5‐DMF with ethylene due to the presence of the two electron‐donating methyl substituents in the diene reactant, the calculations show the opposite. For all MFAU models, the computed barriers are approximately 20 kJ mol^−1^ higher for 2,5‐DMF compared to furan. We attribute this to the steric repulsion between the alkene and the CH~3~ groups of 2,5‐DMF hindering the access to the diene moiety of the reactant.

In the next step, the formation of the epoxide **13** (**12**→**13**) through the migration of O~f~ is aided by the extra‐framework cation. This reaction is much less favored than the preceding DAC reaction. The calculated barriers are the lowest for NaFAU (140 kJ mol^−1^) and the highest for RbFAU (182 kJ mol^−1^). Relative to the reaction **2**→**3**, the formation of epoxide **13** (**12**→**13**) occurs with a 28 and 14 kJ mol^−1^ lower barrier for NaFAU and KFAU, respectively. For RbFAU we found a slightly higher barrier (6 kJ mol^−1^). Furthermore, **TS12** is 36, 19 and 4 kJ mol^−1^ better stabilized than **TS2** in NaFAU, KFAU and RbFAU, respectively. The generally increased stability of the reaction intermediates and transition states is attributed to the additional van der Waals interactions between the methyl groups of 2,5‐DMF and the siliceous zeolite matrix. In RbY, however, the large Rb^+^ cation avoids such dispersive interactions between the CH~3~ substituents and the zeolite framework.

The formation of alcohol **14** from **13** is slightly exothermic and has barriers of 108, 140 and 136 kJ mol^−1^ in the NaFAU, KFAU and RbFAU models, respectively. Only in NaFAU did we find a reduction of the reaction barrier (15 kJ mol^−1^) compared to the case of furan conversion. Dispersive interactions additionally stabilize the more bulky **14**/MFAU intermediate by approximately 37 to 57 kJ mol^−1^ compared to **4**/MFAU.

The final dehydration step (**14**→**15**) is only promoted by the electrostatic interaction with a single cation and weak hydrogen‐bonding interactions with the siliceous framework. Consequently, the dehydration step (**14**→**15**+H~2~O) is highly activated. The computed activation barrier is the largest for NaFAU (188 kJ mol^−1^) and the smallest for KFAU (164 kJ mol^−1^). Nevertheless, the overall thermodynamics of the dehydration step is highly favorable and it barely depends on the nature of the exchangeable cation (Δ*E*=−126 to −133 kJ mol^−1^). In contrast to the preceding isomerization reactions, the dehydration reaction **14**→**15** does not show major deviations from the energetics computed for **4**→**5** in the high‐silica zeolite models. The only significant difference was found for KFAU (ΔΔ*E* ~act~= +25 kJ mol^−1^). Geometry analysis indicates that **TS4**/KFAU is tilted such that it docks onto the curved zeolite framework above the active site, which the methyl groups avoid in **TS14**/KFAU, thus reducing the overall stability of the adsorption complex.

Desorption of the products **15**/MFAU closes the reaction cycle, with barriers of 172, 149 and 144 kJ mol^−1^ for NaFAU, KFAU and RbFAU, respectively. These barriers are 19--34 kJ mol^−1^ higher than for those of **5**/MFAU.

Thus, calculations revealed the epoxide formation and dehydration reaction to be the most likely rate‐limiting steps in the overall DACD reaction of 2,5‐DMF with ethylene over MFAU‐type catalysts. Similar to furan coupling, the initial DAC reaction step appears to be less important for the conversion of 2,5‐DMF under the assumption of the single‐site nature of faujasite catalysts. In general, the stability of reaction intermediates and transition states increases due to the presence of the methyl group as compared to those originating from the DACD reaction of furan with ethylene.

### 2.3.2.  Reaction over MY Models {#cphc201701058-sec-0009}

Screening of the different adsorption modes revealed that 2,5‐DMF adsorption on the SII site (SII~2,5‐DMF~) is preferred over adsorption on the SIII site (SIII~2,5‐DMF~) of MY (Table S2). For example, in NaY, 2,5‐DMF coordination to the cation at the SII site is 24 kJ mol^−1^ more favorable than to the cation at the SIII site. The starting configuration in **11**/MY thus consists of 2,5‐DMF being η^5^‐coordinated to the SII site and ethylene adsorbed on the opposite SII site (**11**/MY). Similar to the DAC[d]{.smallcaps} reaction of furan discussed above, the energy of the co‐adsorption of both reactants (**11**/MY) follows the general trend of Lewis acidity of the exchangeable cations.

The DAC reaction starting from **11**/MY to form **12**/MY is most exothermic over RbY (−65 kJ mol^−1^) and the least over NaY (−22 kJ mol^−1^). The DAC activation barriers are 107, 102 and 62 kJ mol^−1^ for NaY, KY and RbY, respectively. This is an inverted trend as compared to the DAC reaction over the single‐site models (NaFAU\<RbFAU\<KFAU).

The subsequent isomerization resulting in **13**/MY is only slightly endothermic with reaction energies in the range 22--34 kJ mol^−1^. Nevertheless, the nature of the cation influences the kinetics of this step significantly. The lowest barrier (114 kJ mol^−1^) for the step **12**→**13** is predicted for zeolite NaY, whereas the reaction over RbY shows the highest barrier of 158 kJ mol^−1^. Relative to the same reaction with the MFAU catalysts, the reaction barriers are lower, for example, ΔΔ*E* ~act~ is 26 and 14 kJ mol^−1^ for NaY and KY, respectively.

The second isomerization step (**13**→**14**) is exothermic for all models with the most negative energy change found for NaY (−59 kJ mol^−1^) and the least for KY (−35 kJ mol^−1^). Note, that in the case of RbY this elementary reaction shows similar exothermicity to that over NaY (−55 kJ mol^−1^). The computed barriers for the step **13**→**14** were 67, 95 and 86 kJ mol^−1^ for NaY, KY and RbY, respectively. These barriers are lower by approximately 40--50 kJ mol^−1^ compared to those found in the MFAU models. The relative stability of **TS13** also increased, with ΔΔ*E* ~**TS13**~ of approximately 36 to 57 kJ mol^−1^.

Finally, *para*‐xylene and water (**15**+H~2~O) are obtained through a highly exothermic dehydration step proceeding with Δ*E* ranging from −100 kJ mol^−1^ (NaY) to −179 kJ mol^−1^ (KY). For this particular step, the activation barrier is lowest for KY (80 kJ mol^−1^) and highest for RbY (167 kJ mol^−1^) with an intermediate value predicted for NaY (117 kJ mol^−1^). Significantly, these barriers are 71, 84 and 4 kJ mol^−1^ lower than in NaFAU, KFAU and RbFAU, respectively. This is solely attributed to the selective stabilization of the polarized transition state by the multiple‐site interactions (ΔΔ*E* ~**TS14**~=111, 79 and 34 kJ mol^−1^ for NaY, KY and RbY, respectively). The desorption of the products in **15**/MY occurs with barriers of 186, 193 and 177 kJ mol^−1^ for NaY, KY and RbY, respectively. These barriers are higher as compared to those for **5**/MY (≈20--40 kJ mol^−1^) and **15**/MFAU (14--44 kJ mol^−1^).

A generalized comparison of the energetics of the one‐pot DACD reaction predicted for the coupling of ethylene with 2,5‐DMF or furan indicated that the stability of reaction intermediates and transition states increases with the increasing bulkiness of the substrate. Our results point to a positive contribution of attractive dispersive forces between the methyl groups of 2,5‐DMF and the zeolite framework.

The presence of multiple active sites and the methyl groups of 2,5‐DMF causes significant changes to the qualitative trends in the computed DAC reaction energetics. The presence of multiple reactive sites allows more efficient stabilization of reaction intermediates and effectively reduces the activation barriers for the elementary steps. A particularly strong stabilizing effect is predicted for the dehydration step over KY. The two methyl groups consistently add 20--30 kJ mol^−1^ to the interaction energy, causing increased stabilization of the reaction intermediates and transition states compared to the same reaction cycle based on the one‐pot DAC[d]{.smallcaps} reaction between furan and ethylene.

2.4.  DACD Reaction of FDCA with Ethylene {#cphc201701058-sec-0010}
-----------------------------------------

Finally, we computationally analyzed the reaction energetics of the one‐pot DACD reaction of FDCA with ethylene. FDCA contains more‐reactive functional groups than furan or 2,5‐DMF, that is, COOH moieties. These functional groups are considered electron‐withdrawing substituents, suggesting the lower reactivity of the diene in DAC‐type reactions. Additionally, the presence of electronegative carboxylate functionalities next to the furanic oxygen atom (O~f~) allows the formation of chelating interactions with the exchangeable cations and the formation of additional hydrogen‐bonding interactions with the zeolite lattice. Although from an experimental perspective FDCA is not a preferred reagent in view of its low solubility in common solvents,[54](#cphc201701058-bib-0054){ref-type="ref"} it represents an interesting case study in the context of this article. The results of our periodic DFT calculations on the DACD conversion of FDCA and ethylene are summarized in Figure [6](#cphc201701058-fig-0006){ref-type="fig"}. Selected geometries of different models, discussed throughout the text, are shown in Figures [7](#cphc201701058-fig-0007){ref-type="fig"} and [8](#cphc201701058-fig-0008){ref-type="fig"}.

![Energy diagrams of the DACD reaction of FDCA with ethylene yielding TPA, obtained with the periodic DFT calculations over a) the MFAU models and b) the MY models.](CPHC-19-446-g006){#cphc201701058-fig-0006}

![The optimized structures of the initial reactive states for FDCA coupling with ethylene (**21**) over a) NaFAU and b) NaY in dual‐site adsorption mode. Selected interatomic distances are expressed in Å.](CPHC-19-446-g007){#cphc201701058-fig-0007}

![The optimized structures of the intermediate **24** in a) KFAU and b) KY models. Selected interatomic distances are expressed in Å.](CPHC-19-446-g008){#cphc201701058-fig-0008}

### 2.4.1.  Reaction over MFAU Models {#cphc201701058-sec-0011}

The presence of the reactive COOH moieties increases the number of possible adsorption geometries on the cation, even in the case of MFAU. For consistency we limited ourselves to considering the SIII site as the reactive site, as with furan and 2,5‐DMF. Nevertheless, even for the SIII adsorption site, three plausible adsorption geometries can be obtained (Figure S1). Two of them involve η^2^‐coordination of FDCA to the cation via O~f~ and one of the carbonyl atoms. One of these bidentate geometries also involves a hydrogen bond to a basic framework atom close to the Al substitution. The third mode is η^5^‐coordinated FDCA, similar to furan or 2,5‐DMF. The most stable configuration is the bidentate‐coordinated FDCA without hydrogen bonding to the framework (*E* ~ads~=−130 kJ mol^−1^). During all transformations of the DACD process, the reaction intermediates remain bound to the cation through the same two oxygen atoms. FDCA adsorbs nearly 2.5 times stronger than ethylene. The starting geometry **21**/MFAU is therefore represented by the η^2^‐adsorbed FDCA on the cation and ethylene interacting with the zeolite framework through van der Waals interactions (Figure [7](#cphc201701058-fig-0007){ref-type="fig"} a).

The coupling reaction (**21**→**22**) starts with ethylene approaching the adsorbed FDCA. The elementary reaction is most exothermic for NaFAU (−32 kJ mol^−1^) and least for RbFAU (−17 kJ mol^−1^). The activation energy for the DAC reaction is 68, 79 and 80 kJ mol^−1^ for NaFAU, KFAU and RbFAU, respectively. Despite the presence of strongly electron‐withdrawing COOH moieties in FDCA, the reaction barriers are close to those of the more electron‐rich diene 2,5‐DMF.

For FDCA, a somewhat higher asymmetry of the transition state could be noted than for furan and 2,5‐DMF because of the different starting configuration and the interaction mode of the substrate with the exchangeable sites. In **TS21**/MFAU the nascent C1−C6 bonds are more asymmetric with the longest nascent C4−C5 bond at the side of the exchangeable cation. The differences are 0.15, 0.03 and 0.02 Å for NaFAU, KFAU and RbFAU, respectively. Furthermore, the increasing cation size affects the interatomic distances between the cation and the two oxygen atoms in **21**/MFAU; that is, the Na^+^⋅⋅⋅O~carbonyl~ distance (Figure [7](#cphc201701058-fig-0007){ref-type="fig"}) is 0.4 Å shorter than the Na^+^⋅⋅⋅O~f~ distance. This difference does not exist for KFAU and is small for RbFAU (0.01 Å).

During the subsequent epoxide formation (**22**→**23**), both in NaFAU and KFAU, the cation--oxygen distances change. In **23**/MFAU, the M^+^⋅⋅⋅O~carbonyl~ distance becomes longer. Only for RbFAU did we find a fully symmetric η^2^‐coordination of the epoxide. Formation of the epoxide is endothermic and the highest Δ*E* was computed for RbFAU (25 kJ mol^−1^) and the smallest for NaFAU (5 kJ mol^−1^). The reaction proceeds with activation barriers of 146, 170 and 175 kJ mol^−1^ for NaFAU, KFAU and RbFAU, respectively. Such activation energies are similar to those found for the DACD reactions of both furan and 2,5‐DMF with ethylene over MFAU. Furthermore, the relative stabilities of **22**/MFAU, **TS22**/MFAU and **23**/MFAU increase only by approximately 10--23 kJ mol^−1^ relative to their counterparts in the one‐pot DACD reaction of furan or 2,5‐DMF with ethylene.

The subsequent alcohol formation (**23**→**24**) by intramolecular proton transfer from C5 to O~f~ is exothermic with Δ*E* values ranging from approximately −60 to −50 kJ mol^−1^ for NaFAU and RbFAU, respectively, and proceeds with practically equal barriers for all MFAU models (≈123 kJ mol^−1^). Figure [8](#cphc201701058-fig-0008){ref-type="fig"} a shows a representative geometry of the **24**/KFAU product of this step. The invariance of the activation energy as a function of the cation radius is in contrast to the trends found for furan and 2,5‐DMF substrates. Additionally, the state **24**/MFAU is approximately 23--40 kJ mol^−1^ more stable than **4**/MFAU and **14**/MFAU.

Finally, the dehydration takes place by proton transfer from C6 to the OH group resulting in elimination of water and the formation of TPA adduct **25**. Water remains coordinated to **25**, bound both to the framework and the cation. The only interaction between the cation and product **25** is maintained through the carbonyl oxygen atom. A significant amount of energy is gained in this step, which is consistent across the MFAU models (−148 to −141 kJ mol^−1^). The barriers are also similar for all MFAUs (≈129 kJ mol^−1^), unlike the situations encountered in the conversion of furan and 2,5‐DMF. The presence of the carboxylic acid groups leads to an increased adsorption energy of **25**/MFAU by 30--50 kJ mol^−1^ compared to **5**/MFAU or **15**/MFAU. The total adsorption energy can reach a value of up to −375 kJ mol^−1^ for **25**/NaFAU. Such strong adsorption suggests the deactivation of the reactive MFAU environment. Upon formation, the oxygenated reaction intermediate **25** remains bound to the active site and renders the single‐site MFAU catalyst inactive. Correspondingly, the desorption barriers of both FDCA and water combined are 193, 156 and 154 kJ mol^−1^ for NaFAU, KFAU and RbFAU, respectively. That is an increase of 7--21 kJ mol^−1^ with respect to the combined desorption barrier of *para*‐xylene and water (**15**/MFAU).

The DFT results show that the first two reaction steps (**21**→**22**→**23**) in MFAU are qualitatively determined by the Lewis acidity of the cations. However, the last two reaction steps of the cycle (**23**→**24**→**25**) are independent of the cation. Although the relative stabilities of the stationary points **24**/MFAU and **25**/MFAU follow the trend in Lewis acidity of the cations, the stabilities of the transition states correlate closely with the stabilities of the preceding intermediates making the reaction barriers invariant to the nature of the cation. We attribute this to the difference in the type of the elementary reaction. In the first two elementary steps, isomerization affects the position of the bridging O~f~ oxygen atom with respect to the cation. In the latter two elementary steps, the chemical transformations do not involve any change in bonding configuration of O~f~ with the cation.

### 2.4.2.  Reaction over MY Catalysts {#cphc201701058-sec-0012}

The combination of the various functional groups in FDCA and the presence of multiple accessible sites give rise to an increased number of adsorption geometries (Figure S1). These also included salt‐like species, that is, deprotonated FDCA molecules coordinating to the alkali cations. The protons in such structures are bound to the basic oxygen atoms of the lattice. The preferred adsorption configuration (*E* ~ads~=−148 kJ mol^−1^, NaY) is realized on the SII site (SII~FDCA~) to which the FDCA binds in a η^5^‐fashion through its π system with two additional carboxylates moieties η^1^‐coordinated to the SIII site (SIII~FDCA~; Figure [7](#cphc201701058-fig-0007){ref-type="fig"} b). For consistency, the starting configuration **21** contains ethylene co‐adsorbed on the opposite SII site (SII~C2~).

Similar to the conversion of the other furanic substrates studied in this work, the DAC reaction of FDCA with ethylene (**21**→**22**) is exothermic. The corresponding energy gain is smallest for RbY (−11 kJ mol^−1^) and highest for NaY (−49 kJ mol^−1^). The reaction proceeds with a barrier of 72, 85 and 100 kJ mol^−1^ for NaY, KY and RbY, respectively. The differences in bond length between the nascent C1−C6 and C4−C5 bonds were 0.04, 0.04 and 0.05 Å for NaY, KY and RbY, respectively. The hydrogen bonds between FDCA and the framework were not affected by the coupling reaction. All but the reaction barrier for RbY are close to those for the DAC reactions of both furan and 2,5‐DMF with ethylene. However, considering the adsorption as a function of the cation Lewis acidity in **21**/MY, we suspect that the increased barrier arises from the adsorption effects caused by the increased number of electrostatic and hydrogen‐bonding interactions rather than the electron‐withdrawing nature of the carboxylic acid substituents.

The bicyclic intermediate **22** is then isomerized to epoxide **23**. This step is endothermic with the smallest Δ*E* computed for KY (28 kJ mol^−1^) and the highest for NaY (47 kJ mol^−1^). The reaction barriers are 170, 112 and 147 kJ mol^−1^ for NaY, KY and RbY respectively. The presence of multiple electrostatic interactions alters the reactivity trend compared to that found for the MFAU catalysts, that is, the NaY barrier increases by 24 kJ mol^−1^, whereas those of KY and RbY are decreased by 57 and 28 kJ mol^−1^, respectively. Furthermore, ΔΔ*E* ~**TS22**~ is significant in KY with 120 kJ mol^−1^, versus 53 and 61 kJ mol^−1^ for NaY and RbY, respectively. Clearly, these changes arise from the manner in which the reaction intermediates dock onto the framework and cations. The reaction intermediates in this step can adopt the best adsorption geometry on K^+^ ions due to them having the optimal cation radius: Na^+^ is too small and Rb^+^ is too large. If such a docking effect did not play the major role in the current case, we would probably have found a linear trend consistent with the Lewis acidity of the cations.

The second isomerization occurs by an intramolecular proton transfer from C5 to O~f~ leading to the formation of the alcohol **24**. The resulting OH group interacts with both the cation at the SII site and the basic framework. If proton transfer occurs, the carboxylic acid functionality close to the alcohol group rotates to coordinate a cation at another SII site (Figure [8](#cphc201701058-fig-0008){ref-type="fig"} b). This is an extra interaction that is not found in NaY and is only made possible by the size of the K^+^ and Rb^+^ ions. This makes the reaction **23**→**24** almost twice as exothermic for KY and RbY (−111 and −115 kJ mol^−1^, respectively) compared to NaY (−65 kJ mol^−1^). The activation barriers are 108, 149 and 117 kJ mol^−1^ for NaY, KY and RbY, respectively. Compared to the single‐site models, these barriers either increase by 28 kJ mol^−1^ for KY or decrease by 15 kJ mol^−1^ for NaY relative to MFAU. Compared to **TS23**/MFAU, the stability of **TS23**/MY was increased by approximately 30--50 kJ mol^−1^. A similar increase of the interaction strength was found for **23**/MY ranging from 24--58 kJ mol^−1^ relative to **23**/MFAU.

The dehydration step (**25**+H~2~O) is highly exothermic with computed reaction energies ranging between 181 (RbY) to 131 kJ mol^−1^ (KY). The barriers are 131, 187 and 147 kJ mol^−1^ for NaY, KY and RbY respectively. Whereas the barrier for this reaction step in NaY is practically identical to that in NaFAU (≈130 kJ mol^−1^), the barrier in KY and RbY increased with 58 and 18 kJ mol^−1^, respectively. The strongly increased barrier in KY originates from a large and increased interaction energy of **24** with the cations and framework in KY (Figure [8](#cphc201701058-fig-0008){ref-type="fig"}, ΔΔ*E* ~**24**~=112 kJ mol^−1^). This is due to the formation of an extensive network of interactions, which even includes a carbonyl--cation interaction with a nearby SII site not belonging to the reactive cation ensemble initially used in **21**/KY. A similar geometry of **24** was also observed in RbY. However, the electrostatic interactions in this case are weaker and thus the barrier is increased only by 18 kJ mol^−1^. Such geometry was not observed for either **4**/KY or **14**/KY.

Finally, the product **25**+H~2~O was strongly adsorbed in the MY catalyst, with interaction energies of approximately −440 to −452 kJ mol^−1^, which is qualitatively consistent with the computational findings for the MFAU catalyst. To desorb the reaction products, barriers of 264, 258 and 270 kJ mol^−1^ have to be overcome for NaY, KY and RbY, respectively. These barriers are approximately 70--120 kJ mol^−1^ higher than for their **25**/MFAU counterparts, and approximately 65--93 kJ mol^−1^ higher than for **15**/MY.

In summary, in the case of the FDCA substrate, we could not identify clear reactivity trends for the elementary reaction steps except the DAC reaction, for which we found a qualitatively similar trend for the MY models compared to that provided by MFAU. However, the barriers are similar except that found for RbY due to strong adsorption in the initial state of the DAC reaction. The presence of carboxylic acid functional groups causes a significant deviation from the linear reactivity trend found for the MFAU models, as they participate actively in the interaction network established between the reaction intermediates and the cations and zeolite framework.

3.  Conclusions {#cphc201701058-sec-0013}
===============

Analysis of the reaction cycles described here indicates that the presence of multiple accessible sites in the confined microporous space of faujasite zeolites alters the reactivity trends significantly compared to those predicted with the isolated‐site model. For the high‐silica model containing only a single‐site cation site for adsorption and reaction, the reactivity is determined by the Lewis acidity of the cation. In contrast, if a low‐silica model is used, the possibility of cooperative interactions between the zeolite matrix and accessible cations with the reactants lowers the reaction barriers. Overall, the reactivity is not determined by only the Lewis acidity, but also by the geometrical constraints imposed by the size of the cations and the reactants. For instance, the DAC reactivity trend of all but the reaction between FDCA and ethylene is reversed in the MY models compared to the trend expected from the difference in Lewis acidity of the exchangeable cations. The reactivity trends in the confined spaces of faujasite zeolites cannot be ascribed to the intrinsic electronic properties of the substrates or catalytic Lewis acid sites. The analysis of the computed reaction energetics and optimized geometries suggests that the overall DAC barriers in MY are determined mostly by the geometrical fit of the furan derivative to the SII and SIII active sites. This is reminiscent of the induced‐fit model in enzyme catalysis.[55](#cphc201701058-bib-0055){ref-type="ref"}, [56](#cphc201701058-bib-0056){ref-type="ref"}

The presence of electron‐donor or acceptor substituents on the furan ring does not have a direct effect on the DACD reactivity. The computed barriers are influenced by steric effects and the strength of the interactions within the zeolite cage. The stability of all reactive species increases due to interactions with both the Lewis acidic extra‐framework sites and Lewis basic framework.[57](#cphc201701058-bib-0057){ref-type="ref"}, [58](#cphc201701058-bib-0058){ref-type="ref"}, [59](#cphc201701058-bib-0059){ref-type="ref"} The existence of a network of multiple noncovalent interactions capable of aligning and stabilizing reaction intermediates is usually referred to as molecular recognition.[60](#cphc201701058-bib-0060){ref-type="ref"} For the current system they lead to a strong decrease of the isomerization and dehydration barriers so that, a priori, the respective steps cannot be considered rate‐limiting. It is such molecular recognition features that limit the reactivity of oxygenated substrates such as FDCA rather than the presence of electron‐withdrawing substituents. Indeed, the strong multiple‐site binding of FDCA gives rise to high adsorption energies for this substrate and its derivatives. For instance, the alcohol intermediate **25** is approximately 100 kJ mol^−1^ more stable inside the Y‐zeolite pores than its furan‐derived counterpart **5**, rendering it as a dormant state rather than a catalytic intermediate.

Furthermore, we note that the stabilization of transition states in the MY models is aided by the relocation of the cations, most notably that of the cation at the SIII site (for example **TS2**/NaY and **24**/KY). Such adsorption‐induced migration of exchangeable cations has previously been observed experimentally[61](#cphc201701058-bib-0061){ref-type="ref"}, [62](#cphc201701058-bib-0062){ref-type="ref"} and in molecular dynamics simulations.[63](#cphc201701058-bib-0063){ref-type="ref"}, [64](#cphc201701058-bib-0064){ref-type="ref"} It is driven by the formation of a more energetically favorable interaction with the substrate. In our calculations, the substantial displacement of the exchangeable cations was observed as a result of the cooperative binding of the adsorbent by multiple cations, but it was not captured by the isolated‐site models.

In conclusion, we performed a mechanistic study on the DAC[d]{.smallcaps} reactions of furan, 2,5‐DMF and FDCA with ethylene to form benzene, *para*‐xylene and TPA, respectively. By studying these three reactions computationally using chemically representative low‐silica alkali‐metal‐exchanged faujasite models, we show that single‐site zeolite models cannot capture the key features of molecular recognition and confinement present in such materials. Mechanistic proposals based on such models can thus be inadequate to either qualitatively explain or predict (expected) experimental reactivity trends. Catalytic reactivity often arises from a complex network of multiple interactions between the catalyst and the reactive intermediate. Predictions about qualitative catalytic trends based on reductionist single‐site models should thus be evaluated with great care.

Experimental Section {#cphc201701058-sec-0014}
====================

All calculations were carried out within the framework of density functional theory (DFT) with PBE exchange‐correlation functional,[65](#cphc201701058-bib-0065){ref-type="ref"} as implemented in the Vienna Ab Initio Simulation Package (VASP).[66](#cphc201701058-bib-0066){ref-type="ref"}, [67](#cphc201701058-bib-0067){ref-type="ref"}, [68](#cphc201701058-bib-0068){ref-type="ref"}, [69](#cphc201701058-bib-0069){ref-type="ref"}, [70](#cphc201701058-bib-0070){ref-type="ref"} The electronic wavefunctions were expanded following the projected‐augmented‐wave (PAW) scheme to describe the electron--ion interactions. Long‐range dispersive interactions were accounted for by using the DFT‐D3 method with Becke--Johnson damping.[71](#cphc201701058-bib-0071){ref-type="ref"}, [72](#cphc201701058-bib-0072){ref-type="ref"} The k‐point mesh was restricted to the gamma point. The total energies were computed with a cut‐off energy of 500 eV and a root‐mean‐square (RMS) force convergence criterion of 0.015 eV Å^−1^. Sometimes, a model did not fully achieve the desired RMS force criterion. On those occasions, the convergence criterion was relaxed to 0.035 eV Å^−1^. Careful checks of the forces and geometries showed that this effect was typically due to excess forces on cations confined within double six‐membered rings distant from the reaction site. Extensive computational tests revealed that the current zeolite models feature extremely shallow potential energy surfaces with numerous degrees of freedom. Structural optimization below 0.05 eV Å^−1^ was therefore usually accompanied by energy changes not greater than 5 kJ mol^−1^. Nevertheless, low RMS forces on the optimized structures were typically desired for an accurate vibrational analysis.

The models were based on the rhombohedral unit cell of the faujasite zeolite containing 48 T sites and 96 oxygen atoms. The high‐silica model (Si/Al=47, Si~47~Al~1~O~96~M~1~) was characterized by one isolated site per rhombohedral unit cell. Na^+^, K^+^ or Rb^+^ cations (M) compensated the charge induced by the aluminum substitution. The low‐silica model (Si/Al=2.4, Si~34~Al~14~O~96~M~14~) was characterized by a high active‐site density. Each model only contained one type of each cation. More information about both cation placement based on experimental data and lattice relaxations can be found in the Supporting Information.

To identify the transition state a two‐step approach was adopted. First, a climbing nudged elastic band (CNEB) calculation[73](#cphc201701058-bib-0073){ref-type="ref"}, [74](#cphc201701058-bib-0074){ref-type="ref"} was performed to estimate the minimum energy pathway from the initial state to the final state (5 eV Å^−2^ spring constant, maximum length hypervector between images 0.5 Å). The accepted RMS force of the converged CNEB was 0.14 eV Å^−1^ or lower. After this, the second step of our optimization procedure was started, which consisted of a geometry optimization of the identified transition state using the quasi‐Newton procedure (maximum RMS \<0.015 eV Å^−1^). Frequencies were then calculated with the finite displacement method (0.0015 Å) to confirm the validity of the found transition states. A characteristic high imaginary frequency corresponding to the reaction coordinate that was not present in either the initial state or finals state was always found in the transition‐state structures.
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